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Bunkyo-ku, Tokyo 113-8510, Japan 

The early stage of mammalian development from fertilization to implan- 
tation is a period when global and differential changes in the epigenetic 
landscape occur in paternally and maternally derived genomes, respectively. 
The sperm and egg DNA methylation profiles are very different from each 
other, and just after fertilization, only the paternally derived genome is sub- 
jected to genome-wide hydroxy lation of 5-methylcytosine, resulting in an 
epigenetic asymmetry in parentally derived genomes. Although most of 
these differences are not present by the blastocyst stage, presumably due 
to passive demethylation, the maintenance of genomic imprinting memory 
and X chromosome inactivation in this stage are of critical importance for 
post-implantation development. Zygotic gene activation from paternally or 
maternally derived genomes also starts around the two-cell stage, presum- 
ably in a different manner in each of them. It is during this period that 
embryo manipulation, including assisted reproductive technology, is nor- 
mally performed; so it is critically important to determine whether 
embryo manipulation procedures increase developmental risks by disturb- 
ing subsequent gene expression during the embryonic and /or neonatal 
development stages. In this review, we discuss the effects of various 
embryo manipulation procedures applied at the fertilization stage in relation 
to the epigenetic asymmetry in pre-implantation development. In particular, 
we focus on the effects of intracytoplasmic sperm injection that can result in 
long-lasting transcriptome disturbances, at least in mice. 



1. Introduction 

The intracytoplasmic sperm injection (ICSI) technique was originally developed 
to investigate fertilization in various animals [1]. The first mammalian ICSI 
experiment was conducted in hamsters by Uehara and Yanagimachi in 1976 
[2]. This technology has been successfully applied to the field of laboratory 
animal science and livestock breeding. Since the initial application of ICSI to 
humans in 1992 [3], this technique has become increasingly popular as the fer- 
tilization method of choice in assisted reproductive technology (ART), despite 
persistent concerns of an effect on development. The effects of ART are thought 
to be attributable to two causes. One is impact of the technique used, and the 
other is the underlying maternal or paternal subfertility [4]. 

Cohort studies of children conceived by ART have been conducted in an 
attempt to investigate the risks of genetic and epigenetic impairment. Recently, 
there was a report of a large ongoing cohort study in Australia on the effects of 
ART [5]. It is reported that the association between in vitro fertilization (IVF) 
and the risk of any birth defects was not significant after adjustment for confound- 
ing factors. However, the increased risk of ICSI-associated defects remained 
significant. This report is consistent with a previous cohort study [6] as well as 
the findings from a mouse model [7]. In addition, there is some evidence of an 
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increased risk of imprinting disorders in ART children [4]. It is 
also reported that the birth-weight of singletons bom after the 
transfer of frozen blastocysts was significantly higher when 
compared with singletons born after the transfer of fresh blas- 
tocysts [8]. However, it is not easy to draw conclusions about 
the impact of the individual components of the ART technique 
applied using merely epidemiologic studies. 

It has been demonstrated that in vitro culture of the embryo 
has long-term effects in mice [9-12] and cows [13]. Gene 
expression alterations also are reportedly observed in IVF- 
conceived mice [14]. The methylation aberration of imprinted 
genes has also been reported in the case of embryo culture 
[15-17] and superovulation [18-21]. Recently, DNA methyl- 
ation aberration in the imprinting control regions (ICRs) also 
has been observed in ICSI-conceived mice [22]. 

These data suggest that environmental factors in early 
mammalian development are crucial to epigenetic regulation, 
including but not only genomic imprinting. Thus, it is criti- 
cally important to evaluate in detail the impact of ART on 
the genetic, epigenetic and phenotypic outcome in relation 
to genome-wide epigenetic regulation in early development. 
This is because it is the time period in which global changes 
in the epigenetic landscape occur in paternally and mater- 
nally derived genomes, and such epigenetic changes are 
potentially very sensitive to environmental factors. In this 
review, we describe the different epigenetic landscapes in 
the sperm and egg and between male and female pronuclei, 
which result in epigenetic asymmetry from the viewpoint of 
the DNA methylation and histone modification related to 
the mechanisms of genomic imprinting, X chromosome 
inactivation and zygotic gene activation (ZGA). Second, we 
summarize the effects of ICSI by comparing the effect of 
conventional IVF on epigenetic regulation in pre- and post- 
implantation development as well as in postnatal growth 
and behaviour. Finally, we discuss the primary ICSI effects 
on the regulation of gene expression related to ZGA. 



2, The epigenetic landscape differs between 
the sperm and egg, and also between male 
and female pronuclei 

The genome-wide DNA methylation process that takes place 
during germ cell maturation differs in sperm and oocytes 
[23]. Recently, detailed DNA methylation profiles were ana- 
lysed using genome-wide bisulphite sequencing [24,25]. 
CpG islands (CGIs) are usually located in the promoter 
region and are hypomethylated in somatic cells. In general, 
the genome-wide DNA methylation of regions other than 
CpG islands, such as inter-genic regions, was shown to be 
higher in sperm (90%) than in oocytes (40%; figure \a) [25]. 
Recently, Kobayashi et ah [25] reported that there are several 
sperm-specific and oocyte-specific methylated CGIs (sperm- 
specific = 818/23 021, oocyte-specific = 2014/23 021, both 
methylated = 377/23 021). The number of hypermethylated 
CpG islands in oocytes (approx. 10%) is relatively high 
compared with somatic cells such as fibroblasts (approx. 
3%). The number of differentially methylated CGIs is much 
larger in the sperm and oocyte than in the previously 
reported methylated CGIs linked with genomic-imprinted 
regions. Some of these differentially methylated CGIs are 
not methylated at the pre-implantation stage. However, a 



significant number of oocyte- (817) and sperm-specific (34) 
methylated CGIs also persist in early development, such as in 
the ICRs [25]. The roles of both these stable and unstable differ- 
entially methylated CGIs in non-imprinted loci for the regulation 
of pre-implantation gene expression are presently unknown. 
It is known that gene expression and gene-body DNA methyl- 
ation are in good correlation in somatic cells. In the oocyte, 
there was a close relationship between gene-body DNA methyl- 
ation and gene expression, while the correlation of gene-body 
methylation and gene expression was poor in sperm, probably 
due to the genome-wide hypermethylation [25]. 

At the one-cell stage, 5-methylcytosine (5mC) in the male 
pronucleus is rapidly converted to 5-hydroxymethylcytosine 
(5hmC; figure lb), and this conversion is not observed in the 
female pronucleus. The Tetl, Tet2 and Tet3 enzymes catalyse 
the conversion reaction from 5mC to 5hmC. Experimental 
investigation using both an anti-5hmC antibody and an 
anti-5mC antibody clearly demonstrated that the rapid disap- 
pearance of the 5mC in the male pronucleus is due to the 
conversion to 5hmC by the Tet3 enzyme [26,27]. Maternal 
germ-cell-specific Tet3 disruption results in there being no 
preferential 5mC conversion to 5hmC in the paternal pronu- 
cleus. Oocytes lacking the Tet3 enzyme exhibit a severe effect 
on embryonic development [28]. The conversion reaction in 
the paternal pronucleus starts at 4-6 h after fertilization, 
and a marked asymmetry in the male and female pronucleus 
is clearly evident 8 h after fertilization. The first DNA replica- 
tion also starts in almost the same period in both pronuclei 
[29,30]. In an unpublished experimental result, the DNA syn- 
thesis started at 5-6 h after fertilization and terminated 
before 9 h (figure 2; T. Kohda 2012, unpublished data). An 
'active demethylation' mechanism was reportedly proposed 
in this process, in which 5mC is converted to thymine by 
activation-induced cytidine deaminase and then the TG mis- 
matched base pair is restored by a DNA repair mechanism 
[31]. It is also reported that 5hmC is further oxidized to 5-for- 
mylcytosine and 5-carboxylcytosine in the paternal allele by 
Tet enzymes [32,33]. However, several lines of evidence 
have suggested that most of the 5hmC in the male pronucleus 
as well as 5mC in the female pronucleus is subjected to 'pas- 
sive demethylation' [26,27,34] (figure Ic). 

This asymmetric change from 5mC to 5hmC was 
observed in many mammalian species, including humans, 
mice and rats, but not in sheep or rabbits [35-37]. It also 
was induced in the ICSI zygote in mice and rats, although 
its efficiency is relatively low in the latter [38-41], but it 
does not occur in zygotes fertilized by round spermatid injec- 
tion (ROSI) in mice [39,42]. The efficiency of full-term 
development of ROSI is significantly lower than that of 
ICSI, and this may be partly explained by the loss of the 
conversion reaction in the paternal pronucleus [28]. 

The rapid conversion to 5hmC was also observed in the 
transferred donor nucleus in somatic-cell cloning by nuclear 
transfer. In this case, both of the two alleles of the donor 
nucleus were subjected to hydroxy lation, with the result 
that there was no epigenetic asymmetry except in the 
imprinted regions [43,44]. This rapid conversion was also cat- 
alysed by the Tet3 enzyme [28]. The fact that most somatic 
clone embryos exhibit lethality at the implantation stage 
due to abnormal X chromosome inactivation and that Xist 
knockout and knockdown significantly improve the effi- 
ciency of somatic cloning are also suggestive of the 
importance of the epigenetic asymmetry between the two 
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Figure 1. Schematic of DNA modification, gene expression and matemal RNA degradation in early mouse development, [a) A drawing that depicts the timing of 
fertilization, stage of development and the cell cycle, (b) (i) A schematic of the level of cytosine modification in early development. A, The mature sperm and oocyte 
have a different genome-wide cytosine methylation. B, Methyl cytosine of the paternally derived allele is rapidly converted into hydroxymethyl cytosine. C, The first 
DNA replication after fertilization take place in this period. The conversion of methyl cytosine to hydroxymethyl cytosine and DNA replication overlap. Cytosine in de 
novo synthesized DNA does not become modified and undergoes a 'passive demethylation' process in this phase, so the percentage of modified cytosine is reduced, 
(ii) Zygotic gene activation in the paternal and maternal alleles. D, In the zygote, the paternal pronucleus starts transcription earlier and is more active than the 
maternal pronucleus. At the two-cell stage, de novo mRNA is synthesized in a significantly large amount and with many more genes compared with the one-cell 
zygote. However, the detailed expression ratio of the paternal and maternal alleles at the two-cell stage or later is not yet reported, (iii) E, Degradation timing of 
most of the maternal mRNA. Some mRNAs degrade more rapidly and other mRNAs degrade more slowly (thin lines) than represented in the thick line. 



parental genomes for proper Xist gene expression and result- 
ing X chromosome inactivation in pre- and post-implantation 
development [45,46]. 

In addition to cytosine modification, histone modification 
also results in an asymmetry between paternal and matemal 
alleles in early development. In sperm, the genomic DNA 
is tightly packaged with protamines rather than with his- 
tones. Just after fertilization, the tightly packaged paternal 



chromatin delivered by the sperm is decondensed, and 
global protamine-to-histone exchange takes place. The 
paternal chromatin incorporates hypomethylated histones 
and has a low level of H3K9me2/3. During this period, the 
maternal chromatin remains relatively stable and has a 
higher H3K9me2/3 level compared with the paternal pronu- 
cleus [47]. Dppa3 {Stella/PGC7) may play an essential role in 
protecting maternal alleles from the hydroxylation of mC 
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Figure 2. DNA replication timing in the one-cell zygote. A zygote was pulse-labelled by bromodeoxyuridine (BrdU) for 1 h, immediately fixed by formaldehyde and 
stained with an anti-BrdU antibody. The pulse-label time intervals from the moment of fertilization are indicated over the pictures. The numbers below the pictures 
represent 'BrdU positive zygoteTzygote examined'. This result shows that DNA replication starts at 5-6 h after fertilization in both the paternal and maternal 
pronuclei and terminates at 8-9 h after fertilization. pPN, paternal pronucleus; mPN, maternal pronucleus; PB, polar body. 



in early development [48]. Recently, Nakamura et al. [49] 
demonstrated that DppaS protein binds to the maternal pronu- 
cleus chromatin via the H3K9me2. It is known that a small 
amount of histone remains in specific loci of the sperm nucleo- 
some, including the imprinted regions [50,51]. These histones 
are able to retain their modifications and thus transmit 
'epigenetic memory' via sperm, and as a result may contribute 
to the epigenetic asymmetry of the early embryo. 

3, Genomic imprinting and X chromosome 
inactivation during early embryonic stage 

Genomic imprinting and X chromosome inactivation are 
typical examples of parental asymmetry in the epigenome, 
the mechanisms for which are unique to mammals. In 
genomic imprinting, functional complementation between 
paternal and maternal epigenotypes is required for normal 
development, growth and behaviour, because certain pater- 
nally and/ or maternally expressed genes {PEGs and MEGs) 
play essential roles in these processes, as discussed elsewhere 
in this issue [52,53]. Genomic imprinting is established in 
germ cells before fertilization, mainly as a difference in 
DNA methylation between the sperm and oocyte genome. 
In X chromosome inactivation, suppression of one X chromo- 
some of the two female X chromosomes is required for gene 
dosage compensation between the male (XY) and female (XX) 
cells. This is also essential for cellular differentiation in both 
embryonal and placental cell lineages: only pluripotent 
cells, such as embryonic stem (ES) cells, induced pluripotent 
stem (iPS) cells and primordial germ cells (PGCs) have 
two active X chromosomes [54,55]. Non-mammalian organ- 
isms adopt other gene dosage compensation mechanisms, 
such as downregulation of each of the two female X chromo- 
somes in Caenorhabditis elegans and upregulation of the one 
male X chromosome in Drosophila melanogaster. 

Parthenogenetic and androgenetic embryos have only 
maternally and paternally derived genomes, respectively, but 
they can develop into blastocysts. ES cells can also be established 
from these embryos. Thus, it seems that the different functions 
in the paternal and maternal genomes might not be strictly 
necessary for pre-implantation development. However, soon 
after implantation, these uniparental embryos died, with 
severe but different morphological abnormalities in the placenta 
and embryo [56-58]. Furthermore, the cloned mouse embryos 
by nuclear transfer using day 12.5 PGCs, that have no parental 
imprinting memories, also died at post-implantation stage [59]. 
At this stage, parental imprinting patterns in PGCs are comple- 
tely absent, exhibiting a unique gene expression profile in the 
default state of genomic imprinting that is different from that 



of either parthenogenetic or androgenetic embryos [59,60]. 
This evidence demonstrates that genomic imprinting is 
indispensable for post-implantation development. 

As mentioned earlier, there are a large number of geno- 
mic regions that are differentially methylated in the sperm 
and oocyte in addition to the imprinted loci, but the imprint- 
ing markings in the zygote are not removed during the 
developmental process and throughout the lifetime. Targeted 
disruption of Dppa3 resulted in the loss of imprinting 
in some imprinted genes, demonstrating that Dpp3 is essen- 
tial for maintenance of imprinting memory during early 
development [53,61]. 

In mice, the paternal X chromosome is selectively 
repressed during early embryonic development and in 
placental lineage cells, whereas random X chromosome inac- 
tivation occurs in the embryonic lineages. X chromosome 
inactivation mainly depends on the allelic expression of 
the non-coding RNA named Xist [62-64], and the pater- 
nally derived Xist gene is preferentially expressed in the 
pre-implantation stage female embryo [65,66]. However, 
imprinting patterns around the Xist gene, such as a differen- 
tially methylated region, have not been elucidated, indicating 
that there is a DNA methylation-independent mechanism 
of the imprinted expression of Xist [67]. Subsequently, both 
the Xist alleles are repressed, and the two X chromosomes 
are transiently activated in the inner cell mass (ICM) of 
the blastocyst. The re-establishment of X chromosome 
inactivation in somatic cells then occurs randomly. 

How are the two parental X chromosomes distinguished 
in female zygotes and embryos? In male germ cells, two 
sex chromosomes, X and Y, are inactivated by a Xist- 
independent mechanism known as meiotic sex chromosome 
inactivation (MSCI) [68,69]. MSCI occurs at the meiotic 
pachytene stage, when synaptonemal complexes bind all 
of the autosomes in a pairwise manner. The X and Y chro- 
mosomes have only a few homologous regions, called 
pseudoautosomal regions, and are regionally separated 
from the other autosomes so as to form a transcriptionally 
inactive XY body [70]. After meiosis, the sex chromosome 
in the male germ cell is repressed in postmeiotic sex chroma- 
tin until the elongation of the spermatid [71]. There is no 
MSCI in female germ cells, because the two X chromosomes 
form synaptonemal complexes such as the other autosomes. 
Therefore, it is highly probable that paternally and maternally 
derived X chromosomes have different epigenetic marks, and 
thus behave differently in zygotes. It is also reported that 
X chromosome inactivation at the pre-implanted stage pro- 
ceeds in two steps, one of which is Xzsf-independent and 
the other is Xzs^-dependent [72]; the former is suggested to 
be originated in the MSCI process. In both cases, the genes 



on the X chromosome in female pre-implantation embryo 
display a paternal -maternal asymmetry, and genes on the 
X chromosome behave as maternally expressed genes [65,66]. 

Recently, there have been reports indicating that imprinted X 
chromosome inactivation exists even in somatic-cell lineage(s), 
suggesting that the imprinted patterns for X chromosome inac- 
tivation remain after ICM differentiation. For example, it is 
reported that X inactivation is skewed to the paternally derived 
X chromosome in the brain [73,74] and mammary epithelia [75], 
and thus the epigenetic X chromosome asymmetry may play a 
role even in adult tissues. 

Although the effects of aberrant X chromosome inacti- 
vation are not apparent in the pre-implantation stage, X 
inactivation is also essential for post-implantation develop- 
ment in females, as is genomic imprinting. It is probable 
that the existence of two epigenetically different X chromo- 
somes is necessary for the proper control of Xist expression 
in pre-implantation embryos, because aberrant Xist expres- 
sion is observed in both parthenogenetic and androgenetic 
embryos [76,77]. This might be related to the fact that ectopic 
expression of Xist in the pre-implantation-cloned embryo is 
the major cause of the low somatic-cell-cloning efficiency 
mentioned earlier [45,46]. 

Aberrations of the monoallelic expression of imprinted 
genes induce distinct congenital diseases. There is increasing 
evidence of a link between ART and imprinting diseases, 
such as Beckwith- Wiedemann syndrome [78-88], Angelman 
s5mdrome [83,89,90] and Silver-Russel syndrome [91-93]. 
On the other hand, other studies have reported that there is 
no increased incidence of ART-related imprinting disorders 
after correction of the fertility problems of the parents [94]. 
Recently, it was reported that there was a DNA methylation 
aberration in the ICRs induced by ICSI in mice [22]. The 
degree of the effect is low, but the incidence of the aberration 
is relatively high compared with imprinting disorder 
observed in human ART. It is possible that a low degree of 
DNA methylation aberration without any apparent pheno- 
typic disorder may also occur in human ART. Well-designed 
DNA methylation analyses in human ART are needed. 
There have been no reports so far that ART affects X 
chromosome inactivation. 



4. Long-lasting intracytoplasmic sperm injection 
effects on gene expression regulation 

An epidemiological approach, such as has been used in many 
of the cohort studies carried out on children conceived by ICSI 
and /or IVF, is limited in distinguishing the causes of the 
observed effects, because it is difficult to determine whether 
they are really caused by the technology itself or originate 
from either genetic abnormalities or risk factors intrinsic to 
the patients. Obviously, other factors, such as genetic back- 
ground and the surrounding environment of the children, 
have an effect on the results of cohort studies. Therefore, it 
is necessary to investigate the possible influence of ART on 
development using a genetically homogeneous model 
system, such as mice, under strictly regulated conditions. 

Conventional IVF and ICSI procedures are composed of 
several common artificial techniques, such as super ovu- 
lation, collection of the unfertilized eggs, in vitro culture 
and transfer to surrogate mothers, in addition to the process 
of fertilization itself. For proper assessment of the effects of 
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Figure 3. Principal component analysis of the gene expression profile. 
The transcriptional profiles are shown of the neonatal brain of mice 
conceived by ICSI, IVF or natural mating (NM) and embryo transfer to the 
surrogate mothers. Vertical axis (PCA1) and horizontal axis (PCA2) are 
principal component 1 and 2, respectively, of the gene expression 
profiles obtained by DNA microarray. Genetic background of all neonates are 
B6 X D2. Strain name of surrogate mothers (B6 or ICR) are indicated in 
parentheses. NM: natural mating and continued the pregnancy. NM (B6): 
natural mating, flush out embryos and transplant to B6 surrogate mothers. 
NM (ICR); natural mating, flush out embryos and transplant to ICR 
surrogate mothers. 

IVF and ICSI, it should be taken into account that other 
experimental procedures are carried out under the same con- 
ditions, such as the overall ex vivo embryo-handling, 
including the in vitro culture conditions and transplantation 
to the surrogate mothers. The gene expression profiles 
should be compared between neonates from natural mating 
and those conceived by conventional IVF. In our analysis, a 
comparison was carried out using three neonatal organs, 
the brain, liver and kidney. In these experiments, fertilized 
eggs from natural mating were collected and transplanted 
to surrogate mothers in the same manner as those from 
IVF. Embryos were cultured for one day and transferred at 
the two-cell stage to minimize the effect of in vitro culture. 
As shown in figure 3, no difference was observed between 
the gene expression profiles of these two, indicating that 
the conventional IVF technique itself is a safe method, at 
least under the limited in vitro culture condition of a single 
day. The only differences we observed were dependent on 
the strains of the true or surrogate mothers. 

However, the gene expression profiles of ICSI-conceived 
pups were significantly different compared with the pups 
conceived by natural mating and IVF. The gene repertoire 
affected by ICSI was different in each organ, and the genes 
exhibiting a more than twofold change was in the range of 
3-5% in each organ. These gene expression changes induced 
by ICSI diminished by the eight-week stage in the B6 strain. 
In the case of B6D2F1, a certain effect persisted in the brain. 
The mechanism for this effect on the genes is not known, 
but there was a significant number of overlapping cases 
between the genes affected by ICSI and the genes showing 
large gene expression changes in this period. It is possible 
that the major part of the ICSI effect at the neonatal stage 
reflects the consequences of a gene expression cascade start- 
ing from a change initially induced in a small number of 



genes at the fertilization step. The gene expression changes 
induced by the ICSI procedure were not transmitted to the 
next generation by sexual reproduction to the extent exam- 
ined. The ICSI effects on gene expression were observed as 
early as in the blastocyst stage. These observations indicate 
that an event at the time of fertilization can affect the 
genome and induce long-lasting changes in gene expression 
via an epigenetic mechanism or other distortion of the gene 
expression network. 

It is important to assess whether ICSI induces not only an 
epigenetic and/ or transcriptional difference but also phenoty- 
pic changes. We conducted comprehensive phenotypic 
analyses, including systematic behaviour evaluations compar- 
ing IVF and ICSI mice using the B6 strain. There were no 
significant phenotypical differences between the ICSI and 
IVF mice, except for a slight reduction of spontaneous activity 
in the home-cage. The behavioural analyses were performed 
simultaneously under strict conditions and a small but signifi- 
cant difference was observed. However, the difference induced 
by ICSI was within the range of the characteristics of this strain 
and all the other data indicated that there was no difference 
between ICSI and IVF, and thus the young adult ICSI mice 
were phenotypically essentially normal [7]. The genes affected 
by ICSI vary, depending on the mouse strains from which the 
sperm was isolated. This suggests that the ICSI effect on 
the epigenetic regulation of the sperm-derived paternal allele 
occurs at the fertilization step [7]. 

Fernandez-Gonzalez et al. [95] investigated the long-term 
consequences of ART on gene expression as well as the behav- 
iour of mice generated by ICSI using frozen-thawed sperm 
without a cryoprotector, as models of sperm with DNA 
damage. They observed a delay of 2 h on the 'active demethyla- 
tion' of the male pronucleus in the embryos produced by ICSI. 
Moreover, ICSI affected both gene transcription and embryonic 
growth. The causes of the observed effects apparently included 
both the DNA fragmentation of the sperm and the ICSI pro- 
cedure itself [95]. Giritharan et al. [96] also reported gene 
expression changes at the blastocyst stage induced by ICSI treat- 
ment in a different mouse, i.e. CFl x C57BL/6. The total 
number of affected genes was similar to the result in our 
study, although different genes were up- or downregulated, 
presumably due to differences in the genetic background. 

5, Zygotic gene activation at the two-cell stage 
and the effects of embryo manipulation 

What is the cause of the ICSI effect? Allelic gene expression 
difference at ZGA as a result of epigenetic asymmetry may 
be present although there have been no direct reports. 
Then, is it possible that the ICSI effect directly and /or 
indirectly impacts on the ZGA leading to imbalanced gene 
expression for parental alleles? The ICSI procedure bypasses 
the acrosome reaction at fertilization and introduces certain 
sperm components into the egg cytoplasm. There are reports 
that sperm chromatin decondensation is slightly affected by 
the ICSI procedure in a strain-dependent manner [97,98]. 
As mentioned earlier, hydroxymethylation in the male pro- 
nucleus is affected by the ICSI in the rat [40]. The calcium 
oscillation is also altered by the ICSI procedure and may 
lead to changes in the gene expression profile [99]. This 
strain-specific alteration in the calcium oscillation induced 
by ICSI may account for our observation of strain-dependent 



transcriptome perturbation. It was observed that the 
ICSI-induced transcriptome perturbation also depends on 
the genetic background of the given mouse strain [7]. This 
suggests that the primary effect of the ICSI procedure on 
the regulation of gene expression may be biased to the 
paternal pronucleus in the zygote. 

It had been reported that zygotic gene expression starts 
earlier in the male than the female pronucleus and that transcrip- 
tional activity is relatively higher in the male pronucleus [100] 
(figure \d). A detailed genome-wide analysis of epigenetic 
modification and allelic expression has yet to be reported and 
is much needed, especially after the first cell division. 

At the same time, a large amount of maternally stored 
RNA is present in the one-cell to two-cell stage embryo 
and is rapidly degraded at an early developmental stage 
(figure le). ZGA has been analysed by indirect methods 
using transcription inhibitors, because the zygotic mRNA 
from the maternal allele this stage is difficult to distinguish 
from the maternally stored RNA. As discussed earlier, epige- 
netic regulation of paternal- and maternal-derived alleles is 
quite different. To acquire an accurate view of the epigenetic 
landscape of the early embryo, it is critically important to 
separately analyse the paternal and maternal alleles during 
the ZGA period. 

If ICSI exerts a different impact on the paternally and 
maternally derived allele, this should be testable by analysing 
allelic expression during the ZGA process, at least for the 
expression of the paternal alleles. For the effects on the 
maternal allele, changes in the total amount might be detect- 
able, which would represent both the degradation of 
maternally stored RNA and the zygotic activation of the 
maternal allele. We recently set up the experimental system 
to see a paternal and maternal allele difference by means of 
transcriptome analysis with RNA-seq using single-nucleotide 
pol3nTLorphism (SNP) in a two-cell stage mice embryo compris- 
ing fertilized C57BL/6 oocyte with DBA2 sperm. Using this 
system, we have also obtained preliminary results indicating 
that ICSI differentially impacts the mRNA levels of paternal 
and maternal alleles. This observation suggests that the ICSI 
procedure at least exerts an effect on the ZGA of paternally 
derived genomes (T. Kohda 2012, unpublished data). 

It is suggested that the zygotic expression of the genes of 
the paternal allele are delayed or reduced in the ICSI embryo. 
It is possible that the allelic asymmetry of the ICSI effect on 
the two-cell stage embryo is the result of a difference in epi- 
genetic sensitivity between the male and female pronucleus 
at the one-cell stage or a reflection of an allelic difference in 
the B6 and D2 strains. The ICSI effects on the hydroxymethyl- 
ation of the male pronucleus remain to be analysed in order 
to determine the mechanism of the ICSI effect on the regu- 
lation of gene expression. Approximately 90 per cent of the 
DNA methylation of the paternal and maternal alleles is 
erased by the blastocyst stage, and many early epigenetic 
asymmetries are simply absent, except in the case of 
imprinted genes. It is necessary to determine both the 
extent and which genes are affected in the long-term. As a 
considerable number of genes are affected by the ICSI pro- 
cedure, the risk of phenotypic aberration will have to be 
taken into consideration. Genes that are sensitive to the 
gene dosage may show haploinsufficiency phenotypes. In 
the case of dosage-insensitive genes, monoallelic expression 
may cause an increased potential risk for loss of function. 
As an extreme example, if a tumour suppressor gene was to 



undergo such silencing, long-term risk for tumourigenicity 
could well be increased. 



6. Future prospects 



Many lines of accumulated evidence suggest that epigenetic 
effects are induced by ART procedures. There are many con- 
founding factors, such as parental subfertility, age and 
crosstalk between epigenetic responses and genetic variations. 
All of these factors should be considered in investigations 
carried out to elucidate the effects of ICS! Even considering 
these difficulties, however, recent progress in high-throughput 
sequencing is opening the way to an analysis of allelic 
expression and /or allelic epigenetic modification in the 
entire developmental process. This will eventually make it 
possible to assess the impact of the techniques used in ART 
on the epigenome and gene expression in humans. 

As discussed in this review, the epigenetic and transcrip- 
tional asymmetries of paternal and maternal alleles may be 
important in early development. Such asymmetries, except for 
genomic imprinting, are thought to be for the most part dimin- 
ished before implantation in normal development, but detailed 
allelic analysis may yet elucidate a novel parental asymmetry 
even in a later stage, such as mammary-gland-specific 



paternal X chromosome reactivation. Allele-specific expression 
(ASE) or differential allelic expression have been reported in 
the early embryo [101] and somatic ceUs or tissues [102,103]. 
It is possible that these kinds of biased expression are not 
unique but, rather, are also present in other tissues. How- 
ever, caution is necessary, because allelic gene expression 
analysis using SNP tends to produce many false-positive ASE 
findings [104]. 

External factors affecting fertilization or early develop- 
ment, such as the ICSI procedure, may alter epigenetic 
regulation in such a manner that these effects persist in the 
course of development. Environmental stimuli such as ICSI 
may affect only one of two alleles and induce ASE under 
specific conditions. Thus, a comprehensive investigation of 
the multi-layered allelic asymmetries and their sensitivity to 
environmental factors in the early embryo will be necessary. 
Such a study would provide a novel view of the epigenetic 
landscape of the genome in mammalian development. 

The authors gratefully thank Dr Atsuo Ogura and Dr Shigeharu 
Wakana at BioResource Center, RIKEN for precious discussions 
and collaborative research of the ICSI effects. This work is supported 
by the grant-in-aid for Scientific Research from the Ministry of Edu- 
cation, Science, Sports and Culture of Japan (nos 24310141, 24114505) 
(T.K.) and Joint Usage /Research Programme of Medical Research 
Institute Tokyo Medical and Dental University (F.L). 



References 

1. Yanagimachi R. 2005 Intracytoplasmic injection of 
spermatozoa and spermatogenic cells: its biology 
and applications in humans and animals. Reprod. 
BioMed. 10, 247-288. (doi:10.1016/S1472- 
6483(10)60947-9) 

2. Uehara T, Yanagimachi R. 1976 Microsurgical 
injection of spermatozoa into hamster eggs with 
subsequent transformation of sperm nuclei into 
male pronuclei. Biol. Reprod 470, 467-470. 
(doi:10.1095/biolreprod15.4.467) 

3. Palermo G, Joris H, Devroey P, Van Steirteghem AC. 
1976 Pregnancies after intracytoplasmic injection of 
single spermatozoon into an oocyte. Lancet 340, 
17-18. (doi:10.1016/0140-6736(92)92425-F) 

4. Savage T, Peek J, Hofman P, Cutfield W. 2012 
Childhood outcomes of assisted reproductive 
technology. Hum. Reprod. 26, 2392-2400. 
(doi:10.1093/humrep/der212) 

5. Davies MJ, Moore VM, Willson KJ, Van Essen P, 
Priest K, Scott H, Haan EA, Chan A. 2012 
Reproductive technologies and the risk of birth 
defects. N. Engl. J. Med 366, 1803-1813. (doi:10. 
1056/NEJMoa1008095) 

6. Bonduelle M et al. 2005 A multi-centre cohort study 
of the physical health of 5-year-old children 
conceived after intracytoplasmic sperm injection, in 
vitro fertilization and natural conception. Hum. 
Reprod 20, 413-419. (doi:10.1093/humrep/deh592) 

7. Kohda T et al. 201 1 1ntracytoplasmic sperm injection 
induces transcriptome perturbation without any 
transgenerational effect. Biochem. Biophys. Res. Commun. 
410, 282 - 288. (doi:10.1016/j.bbrc.201 1.05.133) 

8. Wikland M, Hardarson T, Hillensjo T, Westin C, 
Westlander 6, Wood M, Wennerholm UB. 2010 



Obstetric outcomes after transfer of vitrified 
blastocysts. Hum. Reprod 25, 1699-1707. (doi:10. 
1093/humrep/deq117) 

9. Ecker DJ, Stein P, Xu Z, Williams CJ, Kopf GS, Bilker 
WB, Abel T, Schultz RM. 2004 Long-term effects of 
culture of preimplantation mouse embryos on 
behavior. Proc. Natl Acad. Sci. USA 101, 

1 595 - 1 600. (doi : 1 0. 1 073/pnas.03068461 01 ) 

10. Fernandez-Gonzalez R, Moreira P, Bilbao A, Jimenez A, 
Perez-Crespo M, Ramirez MA, Rodriguez De Fonseca F, 
Pintado B, Cutierrez-Adan A. 2004 Long-term effect of 
in vitro culture of mouse embryos with semm on mRNA 
expression of imprinting genes, development, and 
behavior. Proc. Natl Acad Sci. USA 101, 5880 - 5885. 
(doi:10.1073/pnas.0308560101) 

11. Fauque P et al. 2010 In vitro fertilization and 
embryo culture strongly impact the placental 
transcriptome in the mouse model. PLoS ONE 5, 
e9218. (doi:10.1371/joumal.pone.0009218) 

12. Fernandez-Gonzalez R, Ramirez MA, Pericuesta E, 
Calle A, Gutierrez-Adan A. 2010 Histone 
modifications at the blastocyst Axinl(Fu) locus mark 
the heritability of />? vitro culture-induced epigenetic 
alterations in mice. Biol. Reprod. 83, 720-727. 
(doi:10.1095/biolreprod.110.084715) 

13. Corcoran D et al. 2006 Suppressed expression of genes 
involved in transcription and translation in in vitro 
compared with in vivo cultured bovine embryos. 
Reproduction 131, 651-660. (doi:10.1530/rep.1. 01015) 

14. Giritharan G, Taibi S, Donjacour A, Di Sebastiano F, 
Dobson AT, Rinaudo PF. 2007 Effect of in vitro 
fertilization on gene expression and development of 
mouse preimplantation embryos. Reproduction 134, 
63-72. (doi:10.1530/REP-06-0247) 



15. Doherty AS, Mann MR, Tremblay KD, Bartolomei 
MS, Schultz RM. 2000 Differential effects of culture 
on imprinted H19 expression in the preimplantation 
mouse embryo. Biol. Reprod. 62, 1526-1535. 
(doi:10.1095/biolreprod62.6.1526) 

16. Mann MRW, Lee SS, Doherty AS, Verona Rl, Nolen 
LD, Schultz RM, Bartolomei MS. 2004 Selective loss of 
imprinting in the placenta following preimplantation 
development in culture. Development 131, 

3727 - 3735. (doi:10.1 242/dev.01 241 ) 

17. Market Velker BA, Denomme MM, Mann MRW. 
2012 Loss of genomic imprinting in mouse embryos 
with fast rates of preimplantation development in 
culture. Biol. Reprod 86, 1-16. (doi:10.1095/ 
biolreprod.1 11.096602) 

18. Fauque P, Leandri R, Merlet F, Juillard J-C, Epelboin 
S, Guibert J, Jouannet P, Patrat C. 2007 Pregnancy 
outcome and live birth after IVF and ICSI according 
to embryo quality. J. Assist. Reprod. Genet. 24, 
159-165. (doi:10.1007/s10815-007-9115-z) 

19. Sato A, Otsu E, Negishi H, Utsunomiya T, Arima T. 
2007 Aberrant DNA methylation of imprinted loci in 
superovulated oocytes. Hum. Reprod. 22, 26-35. 
(doi:10.1093/humrep/del316) 

20. Market-Velker BA, Zhang L, Magri LS, Bonvissuto AC, 
Mann MRW. 2010 Dual effects of superovulation: loss of 
maternal and patemal imprinted methylation in a 
dose-dependent manner. Hum. Mol. Genet. 19, 
36-51. (doi:10.1093/hmg/ddp465) 

21. Fortier AL, Lopes FL, Darricarrere N, Martel J, Trasler 
JM. 2008 Superovulation alters the expression of 
imprinted genes in the midgestation mouse 
placenta. Hum. Mol. Genet. 17, 1653-1665. 
(doi:10.1093/hmg/ddn055) 



22. de Waal E, Yamazaki Y, Ingale P, Bartolomei M, 
Yanagimachi R, McCarrey JR. 2012 Primary 
epimutations introduced during intracytoplasmic 
sperm injection (ICS!) are corrected by germline- 
specific epigenetic reprogramming. Proc. Natl Acad. 
Sd USA 109, 4163-4168. 

23. Morgan H, Santos F, Green K, Dean W, Re\k W. 2005 
Epigenetic reprogramming in mammals. Hum. Mol. 
Genet. 1, R47-R58. (doi:10.1093/hmg/ddi114) 

24. Smallwood SA et al. 2011 Dynamic CpG island 
methylation landscape in oocytes and preimplantation 
embryos. Nat. Genet. 43, 81 1 - 814. (doi:10.1038/ng.864) 

25. Kobayashi H et al. 2012 Contribution of intragenic DNA 
methylation in mouse gametic DNA methylomes to 
establish oocyte-specific heritable marks. PLoS Genet 8, 
e1002440. (doi:10.1371/joumal.pgen.1002440) 

26. Iqbal K, Jin S, Pfeifer G, Szabo P. 2011 
Reprogramming of the paternal genome upon 
fertilization involves genome-wide oxidation of 
5-methylcytosine. Proc. Natl Acad. Sd. USA 108, 
3642-3647. (doi:10.1073/pnas.1014033108) 

27. Zhang P et al. 2012 The Involvement of 5- 
hydroxymethylcytosine in active DNA demethylation 
in mice. Biol. Reprod 86, 104. (doi:10.1095/ 
biolreprod.1 11.096073) 

28. Gu T-P et al. 201 1 The role of Tet3 DNA dioxygenase in 
epigenetic reprogramming by oocytes. Nature 477, 
606-610. (doi:10.1038/nature10443) 

29. Davis W, De Sousa P, Schultz R. 1996 Transient 
expression of translation initiation factor elF-4C 
during the 2-cell stage of the preimplantation 
mouse embryo: identification by mRNA differential 
display and the role of DNA replication in zygotic 
gene activation. Dev. Biol. 174, 190-201. 
(doi:10.1006/dbio.1996.0065) 

30. Bui H, Wakayama S, Mizutani E, Park K, Kim J, Van 
Thuan N, Wakayama T. 2011 Essential role of 
paternal chromatin in the regulation of 
transcriptional activity during mouse 
preimplantation development. Reproduction 141, 
67-77. (doi:10.1530/REP-10-0109) 

31 . Teperek-Tkacz M, Pasque V, Gentsch G, Ferguson-Smith 
A. 2011 Epigenetic reprogramming: is deamination 
key to active DNA demethylation? Reproduction 142, 
621-632. (doi:10.1530/REP-1 1-0148) 

32. He Y-F et al. 2011 Tet-mediated formation of 
5-carboxylcytosine and its excision by TDG in 
mammalian DNA. Science 333, 1303-1307. 
(doi:10.1126/science.1210944) 

33. Ito S, Shen L, Dai Q, Wu SC, Collins LB, Swenberg 
JA, He C, Zhang Y. 2011 Tet proteins can convert 
5-methylcytosine to 5-formylcytosine and 
5-carboxylcytosine. Science 333, 1300-1303. 
(doi:10.1126/science.1210597) 

34. Inoue A, Shen L, Dai Q, He C, Zhang Y. 2011 
Generation and replication-dependent dilution of 
5fC and 5caC during mouse preimplantation 
development. Cell Res. 21, 1670-1676. (doi:10. 
1038/cr.2011.189) 

35. Young L, Beaujean N. 2004 DNA methylation in the 
preimplantation embryo: the differing stories of 
the mouse and sheep. Anim. Reprod Sci. 82-83, 
61-78. (doi:10.1016/j.anireprosci.2004.05.020) 



36. Shi W, Dirim F, Wolf E, Zakhartchenko V, Haaf T. 
2004 Methylation reprogramming and chromosomal 
aneuploidy in in vivo fertilized and cloned 

rabbit preimplantation embryos. Biol. Reprod 71, 
340-347. (doi:10.1095/biolreprod.103.024554) 

37. Lepikhov K, Zakhartchenko V, Hao R, Yang F, 
Wrenzycki C, Niemann H, Wolf E, Walter J. 2008 
Evidence for conserved DNA and histone H3 
methylation reprogramming in mouse, bovine and 
rabbit zygotes. Epigenet. Chromatin 1, 8. (doi:10. 
1186/1756-8935-1-8) 

38. Fulka H, Fulka J. 2006 No differences in the DNA 
methylation pattern in mouse zygotes produced 
in vivo, in vitro, or by intracytoplasmic sperm 
injection. Fertil. Steril. 86, 1534-1536. (doi:10. 
1016/j.fertnstert.2006.03.049) 

39. Kishigami S, Van Thuan N, Hikichi T, Ohta H, 
Wakayama S, Mizutani E, Wakayama T. 2006 
Epigenetic abnormalities of the mouse paternal 
zygotic genome associated with microinsemination 
of round spermatids. Dev. Biol. 289, 195-205. 
(doi:10.1016/j.ydbio.2005.10.026) 

40. Yoshizawa Y, Kato M, Hirabayashi M, Hochi S. 2010 
Impaired active demethylation of the paternal 
genome in pronuclear-stage rat zygotes produced 
by in vitro fertilization or intracytoplasmic sperm 
injection. Mol. Reprod. Dev. 77, 69-75. (doi:10. 
1002/mrd.21109) 

41. Zaitseva I, Zaitsev S, Alenina N, Bader M, 
Krivokharchenko A. 2007 Dynamics of DNA- 
demethylation in early mouse and rat embryos 
developed in vivo and in vitro. Mol. Reprod Dev. 74, 
1255-1261. (doi:10.1002/mrd.20704) 

42. Polanski Z, Motosugi N, Tsurumi C, Hiiragi T, 
Hoffmann S. 2008 Hypomethylation of paternal 
DNA in the late mouse zygote is not essential for 
development. Int. J. Dev. Biol. 52, 295-298. 
(doi:10.1387/ijdb.072347zp) 

43. Dean W et al. 2001 Conservation of methylation 
reprogramming in mammalian development: 
aberrant reprogramming in cloned embryos. Proc. 
Natl Acad Sci USA 98, 13 734-13 738. (doi:10. 
1073/pnas.241 522698) 

44. Xu Y, Zhang J, Grifo J, Krey L. 2005 DNA 
methylation patterns in human tripronucleate 
zygotes. Mol. Hum. Reprod 11, 167-171. (doi:10. 
1093/molehr/gah145) 

45. Inoue K et al. 2010 Impeding Xist expression from 
the active X chromosome improves mouse somatic 
cell nuclear transfer. Science 330, 496-499. 
(doi:10.1126/science.1194174) 

46. Matoba S et al. 2011 RNAi-mediated knockdown of 
Xist can rescue the impaired postimplantation 
development of cloned mouse embryos. Proc. Natl 
Acad Sci. USA 108, 20 621-20 626. (doi:10.1073/ 
pnas.1112664108) 

47. Burton A, Torres-Padilla M-E. 2010 Epigenetic 
reprogramming and development: a unique 
heterochromatin organization in the 
preimplantation mouse embryo. Brief, fund 
Genomics 9, 444 - 454. (doi:10.1093/bfgp/elq027) 

48. Wossidio M et al. 2011 5-Hydroxymethylcytosine in 
the mammalian zygote is linked with epigenetic 



reprogramming. Nat. Commun. 2, 241. (doi:10. 
1038/ncomms1240) 

49. Nakamura T et al. 2012 PGC7 binds histone 
H3K9me2 to protect against conversion of 5mC to 
5hmC in early embryos. Nature 486, 415-419. 
(doi:10.1038/nature11093) 

50. Brykczynska U et al. 2010 Repressive and active 
histone methylation mark distinct promoters in 
human and mouse spermatozoa. Nat. Struct. Mol. 
Biol. 17, 679-687. (doi:10.1038/nsmb.1821) 

51. Hammoud SS, Nix DA, Zhang H, Purwar J, Carrell 
DT, Cairns BR. 2009 Distinctive chromatin in human 
sperm packages genes for embryo development. 
Nature 460, 473-478. (doi:10.1038/nature08162) 

52. Renfree MB, Suzuki S, Kaneko-lshino T 2013 The origin 
and evolution of genomic imprinting and viviparity in 
mammals. Phil. Trans. R. Soc. B 368, 20120151. 
(doi:10.1098/rstb.2012.0151) 

53. Kelsey G, Fell R 2013 New insights into establishment 
and maintenance of DNA methylation imprints in 
mammals. Phil. Trans. R. Soc. B 368, 20110336. 
(doi:10.1098/rstb.2011.0336) 

54. Maherali N et al. 2007 Directly reprogrammed 
fibroblasts show global epigenetic remodeling and 
widespread tissue contribution. Cell Stem Cell 1, 
55-70. (doi:10.1016/j.stem.2007.05.014) 

55. Chuva de Sousa Lopes SM, Hayashi K, Shovlin TC, Mifsud 
W, Surani MA, McLaren A. 2008 X chromosome activity 
in mouse XX primordial germ cells. PLoS Genet 4, e30. 
(doi:10.1371/journal.pgen.0040030) 

56. Mann JR, Lovell-Badge RH. 1984 Inviability of 
parthenogenones is determined by pronuclei, not egg 
cytoplasm. /Vofi/re 310, 66-67. (doi:10.1038/310066a0) 

57. McGrath J, Solter D. 1984 Completion of mouse 
embryogenesis requires both the maternal and 
paternal genomes. Ce// 37, 179-183. (doi:10.1016/ 
0092-8674(84)90313-1) 

58. Surani MA, Barton SC, Norris ML. 1984 Development 
of reconstituted mouse eggs suggests imprinting of 
the genome during gametogenesis. Nature 308, 
548-550. (doi:10.1038/308548a0) 

59. Lee J, Inoue K, Ono R, Ogonuki N, Kohda T, Kaneko- 
lshino T, Ogura A, Ishino F. 2002 Erasing genomic 
imprinting memory in mouse clone embryos 
produced from day 11.5 primordial germ cells. 
Development 129, 1807-1817. 

60. Hajkova P, Erhardt S, Lane N, Haaf T, El-Maarri 0, 
Reik W, Walter J, Surani MA. 2002 Epigenetic 
reprogramming in mouse primordial germ cells. 
Mech. Dev. 117, 15-23. (doi:10.1016/S0925- 
4773(02)00181-8) 

61 . Nakamura T et al. 2007 PGC7/Stella protects against 
DNA demethylation in early embryogenesis. Nat. 
Cell Biol. 9, 64-71. (doi:10.1038/ncb1519) 

62. Brockdorff N, Ashworth A, Kay GF, McCabe VM, 
Norris DP, Cooper PJ, Swift S, Rastan S. 1992 The 
product of the mouse Xist gene is a 15 kb inactive 
X-specific transcript containing no conserved ORF 
and located in the nucleus. Cell 71, 515-526. 
(doi:10.1016/0092-8674(92)90519-l) 

63. Brown CJ, Hendrich BD, Rupert JL, Lafreniere RG, 
Xing Y, Lawrence J, Willard HF. 1992 The human 
XIST gene: analysis of a 17 kb inactive X-specific 



RNA that contains conserved repeats and is highly 
localized within the nucleus. Cell 71, 527-542. 
(doi:10.1016/0092-8674(92)90520-M) 

64. Sado T, Brockdorff N 2013 Advances in 
understanding chromosome silencing by the 
long non-coding RNA Xist. Phil. Trans. R. Soc. B 
368, 20110325. (doi:1 0.1 098/rstb.201 1.0325) 

65. Huynh KD, Lee JT. 2003 Inheritance of a pre-inactivated 
patemal X chromosome in early mouse embryos. 
Mure 426, 857 - 862. (doi:10.1038/nature02222) 

66. Okamoto I, Otte AP, Allis CD, Reinberg D, Heard E. 
2004 Epigenetic dynamics of imprinted X inactivation 
during early mouse development. Science 303, 
644-649. (doi:10.1126/science.1092727) 

67. McDonald LE, Paterson CA, Kay GF. 1998 Bisulfite 
genomic sequencing-derived methylation profile of the 
xist gene throughout early mouse development. 
Genomics 54, 379-386. (doi:10.1006/geno.1998.5570) 

68. McCarrey JR, Watson C, Atencio J, Ostermeier GC, 
Marahrens Y, Jaenisch R, Krawetz SA. 2002 X- 
chromosome inactivation during spermatogenesis is 
regulated by an Xist/Tsix-independent mechanism 
in the mouse. Genesis 34, 257-266. (doi:10.1002/ 
gene.10163) 

69. Turner JMA. 2002 Meiotic sex chromosome inactivation 
in male mice with targeted disruptions of Xist. J. Cell 
Sci. 115, 4097-4105. (doi:10.1242/jcs.00111) 

70. Turner JMA. 2007 Meiotic sex chromosome 
inactivation. Development 134, 1823-1831. 
(doi:10.1242/dev.000018) 

71. Namekawa SH, Park PJ, Zhang L-F, Shima JE, 
McCarrey JR, Griswold MD, Lee JT. 2006 Postmeiotic 
sex chromatin in the male germline of mice. Curr. 
Biol. 16, 660-667. (doi:10.1016/j.cub.2006.01.066) 

72. Namekawa SH, Payer B, Huynh KD, Jaenisch R, Lee 
JT. 2010 Two-step imprinted X inactivation: repeat 
versus genie silencing in the mouse. Mol. Cell. Biol. 
30, 3187-3205. (doi:10.1128/MCB.00227-10) 

73. Wang X, Soloway PD, Clark AG. 2010 Paternally biased 
X inactivation in mouse neonatal brain. Genome Biol. 
11, R79. (doi:10.1186/gb-2010-11-7-r79) 

74. Gregg C, Zhang J, Butler JE, Haig D, Dulac C. 2010 
Sex-specific parent-of-origin allelic expression in the 
mouse brain. Science 329, 682-685. (doi:10.1126/ 
science.1 190831) 

75. Jiao B et al. 2012 Paternal RLIM/Rnf12 is a survival 
factor for milk-producing alveolar cells. Cell 149, 
630-641. (doi:10.1016/j.cell.2012.02.056) 

76. Kay GF, Barton SC, Surani MA, Rastan S. 1994 
Imprinting and X chromosome counting 
mechanisms determine Xist expression in early 
mouse development. Cell 77, 639-650. (doi:10. 
1016/0092-8674(94)90049-3) 

77. Nesterova TB, Barton SC, Surani MA, Brockdorff N. 
2001 Loss of Xist imprinting in diploid 
parthenogenetic preimplantation embryos. Dev. 
Biol. 235, 343-350. (doi:1 0.1 006/dbio.2001 .0295) 

78. DeBaun MR, Niemitz EL, Feinberg AP. 2003 
Association of in vitro fertilization with Beckwith- 
Wiedemann syndrome and epigenetic alterations of 
LIT1 and H19. Am. J. Hum. Genet. 72, 156-160. 
(doi:10.1086/346031) 



79. Gicquel C, Gaston V, Mandelbaum J, Siffroi J-P, 
Flahault A, Le Bouc Y. 2003 In vitro fertilization may 
increase the risk of Beckwith- Wiedemann 
syndrome related to the abnormal imprinting of the 
KCN10T gene. Am. J. Hum. Genet. 72, 1338-1341. 
(doi:10.1086/374824) 

80. Maher ER et al. 2003 Beckwith - Wiedemann syndrome 
and assisted reproduction technology (ART). ]. Med. 
Genet. 40, 62 - 64. (doi:10.1136/jmg.40.1.62) 

81 . Halliday J, Oke K, Breheny S, Algar E, Amor DJ. 2004 
Beckwith -Wiedemann syndrome and IVF: a case- 
control study. Am. J. Hum. Genet. 75, 526-528. 
(doi:10.1086/423902) 

82. Chang AS, Moley KH, Wangler M, Feinberg AP, 
Debaun MR. 2005 Association between 
Beckwith -Wiedemann syndrome and assisted 
reproductive technology: a case series of 19 
patients. Fertil. Steril. 83, 349-354. (doi:10.1016/j. 
fertnstert.2004.07.964) 

83. Sutcliffe AG et al. 2006 Assisted reproductive 
therapies and imprinting disorders: a preliminary 
British survey. Hum. Reprod. 21, 1009-1011. 
(doi:10.1093/humrep/dei405) 

84. Gomes MV, Gomes CC, Pinto W, Ramos ES. 2007 
Methylation pattern at the KvDMR in a child with 
Beckwith -Wiedemann syndrome conceived by ICSI. 
Am. J. Med Genet. A 143, 625-629. (doi:10.1002/ 
ajmg.a.31628) 

85. Bowdin S et al. 2007 A survey of assisted 
reproductive technology births and imprinting 
disorders. Hum. Reprod 22, 3237-3240. (doi:10. 
1093/humrep/dem268) 

86. Gomes MV, Huber J, Ferriani RA, Amaral Neto AM, 
Ramos ES. 2009 Abnormal methylation at the 
KvDMRI imprinting control region in clinically 
normal children conceived by assisted reproductive 
technologies. Mol. Hum. Reprod. 15, 471-477. 
(doi:10.1093/molehr/gap038) 

87. Lim D et al. 2009 Clinical and molecular genetic 
features of Beckwith -Wiedemann syndrome 
associated with assisted reproductive technologies. 
Hum. Reprod 24, 741-747. (doi:10.1093/ 
humrep/den406) 

88. Manipalviratn S, DeChemey A, Segars J. 2009 
Imprinting disorders and assisted reproductive 
technology. Fertil. Steril. 91, 305-315. (doi:10. 
1016/j.fertnstert.2009.01.002) 

89. Cox GF, Burger J, Lip V, Mau UA, Sperling K, Wu B-L, 
Horsthemke B. 2002 Intracytoplasmic sperm injection 
may increase the risk of imprinting defects. Am. J. Hum. 
Genet. 71, 162-164. (doi:10.1086/341096) 

90. 0rstavik KH, Eiklid K, van der Hagen CB, Spetalen S, 
Kierulf K, Skjeldal 0, Buiting K. 2003 Another case 
of imprinting defect in a girl with Angelman 
syndrome who was conceived by intracytoplasmic 
semen injection. Am. J. Hum. Genet. 72, 218-219. 
(doi:10.1086/346030) 

91. Bliek J et al. 2006 Hypomethylation of the H19 
gene causes not only Silver- Russell syndrome 
(SRS) but also isolated asymmetry or an SRS-like 
phenotype. Am. J. Hum. Genet. 78, 604-614. 
(doi:10.1086/502981) 



92. Douzgou S, Mingarelli R, Tarani L, De Crescenzo A, 
Riccio A. 2008 Silver- Russell syndrome following 
in vitro fertilization. Pediatr. Dev. Pathol. 11, 
329-331. (doi:10.2350/08-04-0458.1) 

93. Kagami M, Nagai T, Fukami M, Yamazawa K, Ogata 
T. 2007 Silver- Russell syndrome in a girl born after 
in vitro fertilization: partial hypermethylation at the 
differentially methylated region of PEG1/MEST. 

J. Assisted Reprod Genet. 24, 131-136. (doi:10. 
1007/sl 081 5-006-9096-3) 

94. Doornbos ME, Maas SM, McDonnell J, Vermeiden 
JPW, Hennekam RCM. 2007 Infertility, assisted 
reproduction technologies and imprinting 
disturbances: a Dutch study. Hum. Reprod. 22, 
2476-2480. (doi:10.1093/humrep/dem172) 

95. Fernandez-Gonzalez R et al. 2008 Long-term effects 
of mouse intracytoplasmic sperm injection with 
DNA-fragmented sperm on health and behavior of 
adult offspring. Biol. Reprod 78, 761-772. (doi:10. 
1095/biolreprod.107.065623) 

96. Giritharan G, Li MW, De Sebastiano F, Esteban FJ, 
Horcajadas J A, Lloyd KC, Donjacour A, Maltepe E, 
Rinaudo PF. 2010 Effect of ICSI on gene expression 
and development of mouse preimplantation 
embryos. Hum. Reprod 25, 3012-3024. (doi:10. 
1093/humrep/deq266) 

97. Ajduk A, Yamauchi Y, Ward MA. 2006 Sperm chromatin 
remodeling after intracytoplasmic sperm injection 
differs from that of in vitro fertilization. Biol. Reprod 75, 
442 - 451. (doi:10.1095/biolreprod.106.053223) 

98. Kurokawa M, Fissore RA. 2003 ICSI-generated 
mouse zygotes exhibit altered calcium oscillations, 
inositol 1,4,5-trisphosphate receptor-1 down- 
regulation, and embryo development. Mol. Hum. 
Reprod 9, 523-533. (doi:10.1093/molehr/gag072) 

99. Ozil JP, Banrezes B, Toth S, Pan H, Schultz RM. 2006 
Ca^^ oscillatory pattern in fertilized mouse eggs 
affects gene expression and development to term. 
Dev. Biol. 300, 534-544. (doi:10.1016/j.ydbio. 
2006.08.041) 

100. Aoki F, Worrad D, Schultz R. 1997 Regulation of 
transcriptional activity during the first and second 
cell cycles in the preimplantation mouse embryo. 
Dev. Biol. 181, 296-307. (doi:10.1006/dbio. 
1996.8466) 

101. Tang F et al. 2011 Deterministic and stochastic allele 
specific gene expression in single mouse 
blastomeres. PLoS ONE 6, e21208. (doi:10.1371/ 
joumal.pone.0021208) 

102. Gimelbrant A, Hutchinson J, Thompson B, Chess A. 
2007 Widespread monoallelic expression on human 
autosomes. Science 318, 1136-1140. (doi:10.1126/ 
science.1 148910) 

103. Gregg C, Zhang J, Weissbourd B, Luo S, Schroth G, 
Haig D, Dulac C. 2010 High-resolution analysis of 
parent-of-origin allelic expression in the mouse 
brain. Science 329, 643 - 648. (doi:10.1126/ 
science.1 190830) 

104. Deveale B, van der Kooy D, Babak T. 2012 Critical 
evaluation of imprinted gene expression by RNA- 
Seq: a new perspective. PLoS Genet. 8, el 002600. 
(doi:10.1371/journal.pgen.1002600) 



